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 ABSTRACT 
 This study investigated the possibility of increasing 
the reliability of direct genomic values (DGV) by com-
bining reference populations. The data were from 3,735 
bulls from Danish, Swedish, and Finnish Red dairy 
cattle populations. Single nucleotide polymorphism 
markers were fitted as random variables in a Bayesian 
model, using published estimated breeding values as 
response variables. In total, 17 index traits were ana-
lyzed. Reliabilities were estimated using a 5-fold cross 
validation, and calculated as the within-year squared 
correlation between estimated breeding values and 
DGV. Marker effects were estimated using reference 
populations from individual countries, as well as using 
a combined reference population from all 3 countries. 
Single-country reference populations gave mean reli-
abilities across 17 traits of 0.19 to 0.23, whereas the 
combined reference gave mean reliabilities of 0.26 for 
all populations. Using marker effects from 1 population 
to predict the other 2 gave a loss in mean reliability of 
0.14 to 0.21 when predicting Swedish or Finnish ani-
mals with Danish marker effects, or vice versa. Using 
Swedish or Finnish marker effects to predict each other 
only showed a loss in mean reliability of 0.03 to 0.05. A 
combined Swedish-Finnish reference population led to 
an average reliability as high as that from the 3-country 
reference population, but somewhat different for indi-
vidual traits. The results from this study show that it 
is possible to increase the reliability of DGV by combin-
ing reference populations from related populations. 
 Key words:  combined reference population , genomic 
selection , reliability 
 INTRODUCTION 
 Genomic selection is becoming a popular tool in 
cattle breeding. It is based on breeding values predicted 
directly from dense sets of genetic markers, possibly 
combined with pedigree information. Each genetic 
marker from an SNP panel is potentially in linkage dis-
equilibrium (LD) with QTL. The effect of each allele 
at the individual marker loci is estimated by fitting a 
model to phenotypic data from a group of reference 
animals that have both genomic and phenotypic re-
cords (or pseudo-observations). The genomic breeding 
value of a candidate with no phenotypic record is then 
predicted as the sum of all marker effects (Meuwissen 
et al., 2001). 
 Previous studies have shown that the reliability of 
direct genomic values (DGV) largely depends on the 
number of animals used to determine the marker ef-
fects as well as the heritability of the trait (Goddard 
and Hayes, 2009). VanRaden et al. (2009) reported 
an increase in the reliability of DGV when increasing 
the size of the reference data in a Holstein population. 
These findings suggest that for a population having a 
small number of reference animals, the reliabilities of 
DGV might be lower than the reliabilities of the parent 
averages. However, Hayes et al. (2009b) showed that it 
is possible to increase the reliability of DGV in Aus-
tralian Jersey cattle by including Australian Holstein 
cattle in the reference data. The increase was, however, 
small and not present for all traits. Su et al. (2009) 
reported a considerable improvement in genomic pre-
diction in a simulation study combining reference data 
from 2 populations having a common origin. Results 
from the latter study also show that the weaker the 
genetic ties between the populations, the smaller the 
gain in reliability of DGV when combining them. 
 To date, reliabilities of DGV have been reported in 
Holstein, Jersey, and Norwegian Red cattle 
 (Harris et al., 2008; Hayes et al., 2009a; Luan et al., 
2009; VanRaden et al., 2009). However, the reliabil-
ity of genomic prediction in the Danish, Swedish, and 
Finnish Red dairy cattle populations has not yet been 
investigated. These 3 populations have strong genetic 
ties due to some bulls in common use. Especially the 
Swedish and Finnish populations share much of their 
genetic origin, whereas the Danish population also has 
influences from Danish Red Holstein and American 
Brown-Swiss cattle (Team Avlsværdivurdering, 2009). 
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Separately, each of the 3 populations have small refer-
ence populations, which might result in low reliabilities 
of predicted DGV. Because of the strong genetic ties 
among the 3 populations, an increase in the reliability 
of DGV can be expected when combining the reference 
populations.
In the present study, we investigated the efficiency 
of genomic prediction using 3 approaches. First, DGV 
were obtained separately for each of the 3 national pop-
ulations. Second, the possibility of increasing the reli-
ability of genomic prediction by pooling reference data 
from the Danish, Swedish, and Finnish Red dairy cattle 
populations was investigated. In addition, a combined 
Swedish-Finnish reference population was also investi-
gated. Finally, we investigated the efficiency of using a 
reference population from one country to predict breed-
ing values of animals from another national population. 
This will be referred to as the cross-prediction study.
MATERIALS AND METHODS
Data
The data set included 778 Danish, 1,395 Swedish, and 
1,562 Finnish Red dairy bulls from 306 half-sib families, 
born between 1986 and 2005. The bulls were genotyped 
using Illumina Bovine SNP50 BeadChip (Matukumalli 
et al., 2009). Phenotypic data were conventional EBV 
evaluated in 2009 by the Nordic Cattle Genetic Evalu-
ation, where a joint Nordic model is routinely used to 
predict EBV for the 3 national populations. The Nordic 
total merit index and its 16 sub-index traits (see Table 
1) were selected for this study. A detailed description 
of the traits can be found by Danish Cattle Federation 
(2006).
Three separate national studies were conducted for 
the Danish, Swedish, and Finnish bulls. In the Dan-
ish study, Swedish animals from Danish/Swedish half-
sibling families were included in the data set if the 
number of Swedish bulls in the family was less than 5 
times the number of Danish bulls. A similar approach 
was applied in the Swedish study for including Danish 
animals. In the Finnish study and in the cross predic-
tions, only animals of the same nationality were used 
as a reference.
Editing of Genotypic Data
The genotypic data was edited both by animal and 
by loci. The number of markers used in the different 
reference populations is shown in Table 2. For animals, 
the requirements were a call rate above 95% except for 
some old animals, which were accepted with call rates 
of at least 85%. These older animals were accepted 
with lower call rates because they were important bulls, 
where the quality of the DNA was poor due to extended 
storage. Marker loci were accepted if they had a call rate 
of at least 95% in a large reference sample of Danish 
Holstein bulls. Loci with a minor allele frequency less 
than 5% were excluded. Loci without a map position in 
the Btau 4.0 assembly were discarded. Animals with an 
average GenCall score (Illumina Inc., 2005) of less than 
Table 1. Traits selected for the study: size of reference population (ref), mean and standard deviation of EBV, 












Milk yield1 3,550 93.68 10.77 94.12 0.38
Fat yield1 3,550 93.90 10.85 94.12 0.38
Protein yield1 3,550 91.71 12.22 94.12 0.38
Yield index1 3,550 91.76 12.25 94.12 0.38
Udder health2 3,785 98.20 10.20 80.72 0.25
Fertility2 3,755 99.77 10.10 78.39 0.22
Other diseases2 3,705 104.59 10.93 64.11 0.18
Longevity2 3,556 97.90 8.14 59.28 0.21
Direct calving2 3,776 99.81 10.45 77.93 0.26
Maternal calving2 3,778 98.37 9.47 68.52 0.22
Body1 2,743 98.99 10.90 81.71 0.30
Feet and legs1 3,095 97.45 8.53 62.20 0.26
Udder conformation1 3,095 96.12 9.93 77.74 0.33
Milking ability1 3,095 97.44 11.59 81.53 0.25
Temperament1 3,095 96.56 10.42 74.06 0.25
Nordic total merit index1 3,785 −10.39 12.84 — —
Growth1 1,901 95.68 11.26 90.36 0.28
Mean — — — 79.56 0.321
0.222
1Predicted using animal model. 
2Predicted using sire model.
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0.65 were discarded. Individual marker typings with a 
GenCall score of less than 0.6 were discarded. In the 
Swedish, Finnish, and combined Swedish-Finnish stud-
ies, the X chromosome was omitted from the data set. 
Comparison of reliability for a few traits done with and 
without the X chromosome, however, shows no signifi-
cant changes (results not shown). For the national stud-
ies, selection of marker based on minor allele frequency 
was done based on calculations from a reference sample 
of Danish Holstein bulls. In the Finnish study, marker 
frequencies were, however, recalculated, and further 
markers removed, which explains the lower number of 
markers in this population.
Statistical Model
In this study, SNP markers were used as predictors 
and EBV as response variables. The EBV were weighted 
using a function of the reliability of the EBV given by 
1/(1 – reliability of EBV) and scaled to a mean weight 
of 1. Bayesian inference was used to estimate the SNP 
effects, using the model








where y is the vector of conventional EBV, μ is the 
intercept, m is the number of SNP markers, Xi is the 
design matrix allocating alleles at locus i to the ani-
mals, qi is the vector of scaled marker effects at locus 
i, vi is a scaling factor at locus i, and e is the vector of 
residuals. The prior distributions were
 q 0 I e 0 Wi i v eN v TN N~ ( , ) ~ ( , ) ~ ( , ),0
2 2σ σ  
where I is a 2 × 2 identity matrix, W is a diagonal 
matrix containing the inverse of the weights, and TN 
is a truncated normal distribution. A complete descrip-
tion of the model can be found in Su et al. (2010) and 
Villumsen et al. (2009).
The DGV for individual k was calculated as





∑ˆ ˆ ˆ .,X q
1
 
Marker effects were estimated using the iBay v 1.46 
software package (Luc Janss, Faculty of Science and 
Technology, Aarhus University, Tjele, Denmark). The 
Gibbs sampler was run as a single chain with 50,000 
iterations. Samples from the first 10,000 iterations were 
discarded as burn-in, and every fifth sample of the re-
maining 40,000 iterations was saved to estimate param-
eters based on their posterior distribution. The DGV 
were calculated as the posterior means. To validate 
the sufficiency of convergence and the chain length, an 
additional analysis for 3 traits (protein yield, fertility, 
and udder health) was carried out with 100,000 itera-
tions and the first 40,000 as burn-in. Comparison of 
DGV from different chain lengths (50,000 vs. 100,000) 
showed a correlation above 0.99. The runtime for each 
trait was approximately 48 h when using the largest 
reference population, thus making it feasible for routine 
evaluation if the traits are analyzed in parallel.
Evaluation of Reliability
Reliabilities in the 3 national studies and in the com-
bined reference sets were assessed using a 5-fold cross 
validation, where animals were divided into 5 approxi-
mately equal-sized subsets according to year of birth. 
Half-sibling families having animals in more than 1 
subset were moved to the subset containing the largest 
part of the family. Cross validation was done by succes-
sively removing 1 subset at a time from the whole data 
set, and using the left-out subset as a test data set. In 
the cross-prediction study, however, 1 national popula-
tion was used as a reference, and the other 2 as test 
data sets. To diminish dependency between reference 
and test data, sires that had sons in the reference data 
were excluded from the test data. Table 3 shows how 
the cross validation was set up for the combined refer-
ence set. The other cross validations were performed in 
a similar manner. When evaluating reliability for the 
single nationalities based on the combined references, 
the test sets were obtained by selecting the subset of 
either Danish, Swedish, or Finnish animals from all of 
the 5 validation groups.
The reliability of DGV was estimated as the within-
year squared correlation between EBV and DGV in the 
test populations, to remove effects of genetic trend:
 RDGV
2 = − −Cor( , ),EBV EBV DGV DGVyear year  
where EBV and DGV are vectors of EBV and DGV, 
and EBVyear and DGVyear are vectors of the annual 
means of EBV and DGV.
Table 2. Number of markers used in the predictions for Danish (DK), Swedish (SWE), Finnish (FIN), 
Swedish-Finnish (SWE-FIN), combined (COMB), and cross-prediction (Cross) reference populations 
Item DK SWE FIN SWE-FIN
COMB  
and Cross
Number of markers 38,764 38,293 31,890 38,315 38,755
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RESULTS AND DISCUSSION
Results from the national studies and the cross 
prediction study are shown in Table 4. The national 
studies show mean reliabilities between 0.19 and 0.23. 
The cross predictions show that a Danish reference 
leads to a loss in mean reliability of 0.14 and 0.17 
when predicting the Swedish and Finnish animals, 
respectively, in comparison to references of the same 
nationality. Vice versa, a Swedish or Finnish reference 
causes a loss of 0.18 to 0.21 in mean reliability when 
predicting the Danish animals. This is in accordance 
with results from previous studies on using reference 
data from 1 population to predict DGV for animals 
from other populations. On the other hand, the Finnish 
and Swedish populations predict each other with a loss 
in reliability of only 0.03 to 0.05, compared with results 
using reference data from the same population. This 
supports stronger genetic links between the Swedish 
and Finnish populations than between the Danish and 
the Swedish or Finnish populations, as suspected from 
their breeding history. This is confirmed by looking at 
the genomic relationship matrix (VanRaden, 2008), as 
shown in Figure 1, and the persistence of LD phase 
between the 3 populations. Correlation of LD phase in 
the interval 1 to 700kb was found to be 0.55 between 
Danish and Swedish animals, 0.46 between Danish and 
Finnish animals, and 0.86 between Swedish and Finnish 
animals.
Results from the combined reference data of the 3 
populations (Table 5) show an average improvement 
in mean reliability of 0.03 for the Danish animals and 
0.07 for the Swedish and Finnish animals, respectively, 
compared with using the national reference popula-
tions. A similar pattern was found when looking only 
at the youngest animals, but the reliabilities were, on 
average, slightly lower. The improvement was pres-
ent across all traits, except for fertility in the Danish 
population. Comparison of the Swedish-Finnish refer-
ence data (Table 5) to the combined reference data 
shows that including Danish reference data only led 
to a very small change in mean reliability of DGV for 
Swedish and Finnish animals. For the Swedish animals, 
a 0.01 decrease occurred in mean reliability, and for 
the individual traits the predictions were either equally 
good or better in the full combined reference set. For 
the Finnish animals, a 0.01 increase occurred in mean 
reliability, and for the individual traits some differences 
were found between reliabilities of DGV from the 2 
combined reference populations. No clear pattern was 
found in the changes of reliability of Finnish DGV when 
including or excluding Danish animals in the reference, 
likely because of the low genetic similarity between the 
2 populations.
The results in this study support previous studies 
showing an increase in the reliability of genomic predic-
tion when using combined reference populations (Hayes 
et al., 2009b; Su et al., 2009). On the other hand, 
adding Danish reference data to Swedish–Finnish refer-
ence data did not give a clear improvement in genomic 
prediction of Swedish and Finish animals. Two possible 
nonexclusive reasons exist: (1) a relatively lower genetic 
similarity between the Danish population and the other 
2, compared with the genetic similarity between the 
Swedish and Finish populations and (2) only a small 
number of animals (778) were added.
In this study, published EBV of reference animals 
were used as response variable for genomic prediction, 
with focus on reliability of DGV. Garrick et al. (2009) 
point out problems with using EBV as phenotypes in 
genomic predictions. Estimated breeding values are 
already regressed, which could cause DGV of high-
ranking animals to be underestimated and DGV of low-
ranking animals to be overestimated. However, Su et 
al. (2010) pointed out “The advantage of using EBV is 
that they can be obtained directly from routine genetic 
evaluations. In addition, they contain little random 
error, which greatly reduces the prediction error vari-
ance. This could be important in situations where the 
number of genotyped animals in the reference is small.” 
Results by Guo et al. (2010) showed that using EBV 
as response variables led to reliabilities of DGV slightly 
Table 3. Cross-validation groups for all bulls used in the combined reference set1  
Group






Birth year  
of bulls
1 1986–1990 85 820 1986–1995
2 1991–1994 61 839 1990–1998
3 1995–1997 50 745 1994–2002
4 1998–2000 46 634 1992–2002
5 2001–2005 64 697 1999–2005
Total — 306 3,735 —
1Birth year of family is the criterion that was used for dividing the groups. The birth year of bulls is the actual 
span of birth years for bulls in the group after animals were moved around to prevent families from overlapping 
more than 1 group.
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higher than those using daughter yield deviations as 
response variable in a simulation study, but underes-
timated variation of DGV because EBV is a regressed 
variable. On the other hand, previous studies showed 
an inflation of genomic prediction using deregressed 
proof as a response variable (Aguilar et al., 2010; Lund 
et al., 2010).
Table 6 shows the within-year regression coefficients 
of EBV on DGV (i.e., the annual means have been 
subtracted before doing the regression). In general, the 
regression coefficients show deviation from 1. For the 
Swedish animals, regression coefficients, however, have 
a larger-than-general deviation from 1, for both mater-
nal calving and longevity, and for the Finnish animals, 
a large deviation is observed for feet and legs. These 
traits, however, have a very low reliability for all choices 
of reference populations in the mentioned test popula-
tions. Regression coefficients for protein yield, yield 
index, and the Nordic total merit index also seem to 
deviate significantly from 1 in all scenarios. Regression 
of EBV on DGV is, however, not well defined because 
it relies on the reliability of EBV and independence 
between prediction errors for EBV and DGV. When 
regressing true breeding value on DGV predicted using 
EBV as response variable, Guo et al. (2010) showed 
regression coefficients significantly higher than 1 in 
a simulation study. Therefore, regression of EBV on 
DGV might be not an appropriate measure of bias for 
genomic prediction.
The observed reliabilities in this study were lower 
than those reported from Holstein data. Hayes et 
al. (2009a) and Su et al. (2010) reported reliabilities 
between 0.20 and 0.70 for Holstein data. Comparison 
of results from Tables 4 and 5 with the reliabilities of 
parent averages given in Table 1 shows that genomic 
prediction only offers an advantage compared with the 
parent averages from a sire model for young bulls. Two 
possible explanations follow. (1) Differences in how the 
individual countries measure the traits, so the EBV 
explains different biological characteristics in different 
countries, thus making it more difficult to pick up the 
effects of QTL when combining the populations. The 
EBV are, however, predicted in a joint Nordic model, 
and experience from combining Nordic Holstein popu-
lations does not indicate that this should be a problem. 
Furthermore, mean reliabilities in Swedish and Finn-
ish Red are lower than reported for the Danish Jersey, 
where a mean reliability of 0.30 across 5 traits has been 
observed (Thomasen et al., 2010), even though the size 
of the reference populations was smaller. (2) Jersey and 
Holstein results are obtained from populations with a 
more homogenous genetic composition than the Nordic 
Red. Many sires from different populations and breeds 
have been introduced in the Nordic Red cattle popula-
Table 4. Reliabilities of genomic selection for the national studies and cross predictions for Danish (DK), Swedish (SWE), and Finnish (FIN) 
animals1  
Item
Reference: DK Reference: SWE Reference: FIN
DK2 SWE FIN DK SWE3 FIN DK SWE FIN
Size of reference 929 778 778 1,395 1,551 1,395 1,562 1,562 1,562
Size of test 929 1,395 1,562 778 1,551 1,562 778 1,395 1,562
Milk yield 0.23 0.02 0.01 0.02 0.14 0.17 0.02 0.13 0.20
Fat yield 0.27 0.02 0.02 0.00 0.12 0.20 0.01 0.18 0.26
Protein yield 0.17 0.01 0.01 0.00 0.11 0.15 0.00 0.12 0.15
Yield index 0.17 0.01 0.01 0.01 0.11 0.16 0.00 0.14 0.17
Udder health 0.21 0.02 0.00 0.03 0.19 0.17 0.02 0.13 0.19
Fertility 0.24 0.09 0.03 0.03 0.18 0.14 0.03 0.16 0.19
Other diseases 0.43 0.04 0.00 0.08 0.28 0.12 0.01 0.10 0.25
Longevity 0.14 0.02 0.01 0.01 0.07 0.09 0.01 0.06 0.15
Direct calving 0.25 0.05 0.03 0.05 0.18 0.20 0.02 0.18 0.32
Maternal calving 0.26 0.01 0.05 0.03 0.04 0.09 0.04 0.04 0.16
Body 0.32 0.07 0.01 0.11 0.30 0.28 0.02 0.21 0.26
Feet and legs 0.25 0.13 0.03 0.13 0.32 0.13 0.05 0.20 0.10
Udder conformation 0.22 0.10 0.04 0.10 0.21 0.19 0.02 0.14 0.20
Milking ability 0.12 0.01 0.00 0.03 0.19 0.17 0.01 0.17 0.25
Temperament 0.25 0.11 0.04 0.11 0.31 0.12 0.04 0.20 0.20
Nordic total merit index 0.17 0.01 0.00 0.00 0.16 0.13 0.01 0.08 0.10
Growth 0.22 0.17 0.06 0.03 0.31 0.22 0.01 0.07 —
Mean (5-fold) 0.23 0.05 0.02 0.05 0.19 0.16 0.02 0.14 0.19
Mean (young) 0.19 — — — 0.19 — — — 0.18
1Mean reliability is also given using only the youngest cross-validation group. Standard deviation of reliabilities between the 5 cross-validation 
test data sets ranged between 0.05 and 0.1. 
2Reference data including some Swedish bulls. 
3Reference data including some Danish bulls
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tions and this gives a relatively higher heterozygosity, 
which might cause differences in LD patterns. An inves-
tigation of LD showed that mean squared correlations 
between markers in the interval 0 to 100kb are 0.25, 
0.26, 0.21, 0.19, 0.20, and 0.19 for Danish Jersey, Nordic 
Holstein, Finnish Red, Danish Red, Swedish Red, and 
combined Red respectively (J. R. Thomasen, Viking 
Genetics International, Randers, Denmark, personal 
communication). The lower extent of LD in the Nordic 
Red populations could be the main reason for the lower 
reliabilities of DGV, compared with the Danish Jersey 
and Nordic Holstein populations. More detail is given 
by Rius-Vilarrasa et al. (2011).
It should be noted that the reported reliability of 
DGV is conservative in this study. The reliability was 
measured as the squared correlation between DGV and 
conventional EBV for the bulls in the test data, which 
were preselected based on parent average. The correla-
tion between DGV and EBV for the selected animals 
would be lower than that for a random sample. In a 
previous study by Uimari and Mäntysaari (1993), it 
was derived that 10% selection based on parent average 
will decrease the correlation between parent average 
and daughter-based EBV by half (e.g., from 0.62 to 
0.31). VanRaden et al. (2009) suggested to correct for 
selection by adding the difference between expected 
(from model) and observed (from validation) reliabili-
ties of parent average EBV to the observed reliability 
of genomic prediction. However, this is only obtainable 
if the expected reliability of parent average EBV is 
unbiased.
Further studies are needed to exploit the large ben-
efits of genomic selection for the Nordic Red. It has 
been argued that markers might not explain the whole 
additive genetic variance; therefore, a model including 
polygenic effects could increase the reliability of ge-
nomic prediction. However, Rius-Vilarrasa et al. (2010) 
reported that the improvement of genomic prediction 
by including a polygenic effect in the model for the 
Nordic red is small. Another possibility to increase 
the reliability of the genomic predictions is to use a 
blending procedure, where information from the DGV 
Figure 1. Genomic relationship matrix (G) for Danish (DK), Finnish (FIN), and Swedish (SWE) animals, sorted by country and year of 
birth. G is scaled to be analogous to the numerator relationship matrix (VanRaden, 2008).
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is blended with the proofs from the traditional BLUP 
models. However, results from a separate study on 
blending for the Nordic Red breeds only showed an 
increase in reliability of about 1.5 percent for young 
animals (results not shown). One promising approach 
is to use the new high-density SNP chip. With a denser 
marker set, stronger LD would exist between markers 
and the QTL. This might allow the markers to explain 
more of the genetic variation, thus increasing the reli-
ability (Harris et al., 2008), and would greatly benefit 
Table 5. Reliabilities of genomic selection for combined Swedish-Finnish (SWE-FIN) reference and combined Danish-Swedish-Finnish (DK-
SWE-FIN) reference data1  
Item
Reference: SWE-FIN Reference: DK-SWE-FIN
SWE FIN Both DK SWE FIN All
Size of reference 2,986 2,986 2,986 3,735 3,735 3,735 3,735
Size of test 1,411 1,575 2,986 778 1,395 1,562 3,735
Milk yield 0.21 0.29 0.26 0.25 0.23 0.25 0.27
Fat yield 0.26 0.37 0.32 0.31 0.30 0.31 0.34
Protein yield 0.20 0.25 0.23 0.18 0.21 0.18 0.22
Yield index 0.22 0.27 0.25 0.18 0.23 0.18 0.23
Udder health 0.25 0.29 0.28 0.23 0.25 0.23 0.28
Fertility 0.25 0.25 0.27 0.21 0.27 0.21 0.26
Other diseases 0.30 0.31 0.34 0.47 0.34 0.47 0.43
Longevity 0.11 0.20 0.16 0.15 0.10 0.15 0.15
Direct calving 0.25 0.37 0.32 0.28 0.27 0.28 0.32
Maternal calving 0.09 0.20 0.23 0.29 0.09 0.29 0.26
Body 0.38 0.14 0.41 0.38 0.41 0.38 0.55
Feet and legs 0.34 0.28 0.24 0.30 0.37 0.30 0.31
Udder conformation 0.26 0.31 0.29 0.27 0.29 0.27 0.38
Milking ability 0.25 0.26 0.29 0.18 0.29 0.18 0.29
Temperament 0.33 0.18 0.29 0.33 0.35 0.33 0.33
Nordic total merit index 0.20 0.14 0.21 0.19 0.18 0.19 0.19
Growth 0.36 0.17 0.36 0.29 0.32 0.29 0.32
Mean (5-fold) 0.25 0.27 0.28 0.26 0.26 0.26 0.30
Mean (young) 0.26 0.25 0.26 0.23 0.27 0.26 0.28
1Reliabilities are estimated for Danish (DK), Swedish (SWE), Finnish (FIN), Swedish-Finnish (both), and Danish-Swedish-Finnish (all) animals. 
Mean reliability is also given using only the youngest cross-validation group. The standard deviation of reliabilities between the 5 cross-validation 
test data sets ranged between 0.02 and 0.07.























DK SWE FIN SWE FIN SWE-FIN DK SWE FIN All
Milk yield 0.73 0.84 0.79 0.79 0.88 0.84 0.75 0.80 0.91 0.83
Fat yield 0.80 0.92 0.89 0.87 0.95 0.92 0.89 0.89 0.97 0.91
Protein yield 0.60 0.72 0.61 0.73 0.74 0.72 0.67 0.73 0.75 0.70
Yield index 0.61 0.75 0.65 0.75 0.76 0.75 0.70 0.75 0.77 0.73
Udder health 1.17 0.96 0.82 0.96 0.94 0.96 1.17 0.92 0.95 0.98
Fertility 0.96 0.91 0.83 0.90 0.89 0.91 0.86 0.90 0.84 0.88
Other diseases 1.09 0.90 0.81 0.89 0.84 0.90 1.04 0.92 0.81 0.95
Longevity 0.95 0.82 0.83 0.65 0.88 0.82 1.01 0.60 0.92 0.84
Direct calving 1.13 0.99 0.97 0.92 1.04 0.99 1.19 0.93 1.01 1.02
Maternal calving 1.01 0.85 0.88 0.67 0.89 0.85 1.12 0.62 0.86 0.91
Body 0.99 1.03 0.93 1.08 0.97 1.03 0.99 1.04 0.94 1.00
Feet and legs 1.06 0.80 0.57 1.07 0.55 0.80 1.04 1.06 0.55 0.87
Udder conformation 1.13 0.84 0.71 0.82 0.78 0.84 1.01 0.83 0.84 0.93
Milking ability 0.95 0.98 1.01 0.91 1.03 0.98 0.92 0.91 1.00 0.96
Temperament 0.97 0.89 0.88 0.93 0.86 0.89 0.85 0.89 0.86 0.88
Nordic total 
merit index
0.72 0.51 0.52 0.67 0.59 0.67 0.82 0.68 0.66 0.70
Growth 1.03 0.95 0.84 0.97 0.60 0.95 1.04 0.93 0.56 0.98
Mean 0.93 0.86 0.80 0.86 0.83 0.87 0.95 0.84 0.83 0.89
1DGV are predicted using either national (DK, SWE, or FIN), Swedish-Finish (SWE-FIN), or combined (all) reference (Ref) animals.
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less homogeneous populations such as the Nordic Red. 
Another approach is to increase reference population 
size by international cooperation.
CONCLUSIONS
The aim of this study was to investigate the effects 
of including information from different, but genetically 
related, populations on the reliability of genomic selec-
tion. The reliability of genomic prediction for Nordic 
Red dairy cattle was improved by combining reference 
data from different Nordic Red populations. The bene-
fit of combining reference populations was larger for the 
Swedish and Finnish populations, which have stronger 
genetic links, and less for the Danish population, which 
has fewer genetic links with the other two.
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